Salinity is a major factor controlling the distribution of biota in aquatic systems, and most aquatic multicellular organisms are either adapted to life in saltwater or freshwater conditions. Consequently, the saltwater-freshwater mixing zones in coastal or estuarine areas are characterized by limited faunal and floral diversity. Although changes in diversity and decline in species richness in brackish waters is well documented in aquatic ecology, it is unknown to what extent this applies to bacterial communities. Here, we report a first detailed bacterial inventory from vertical profiles of 60 sampling stations distributed along the salinity gradient of the Baltic Sea, one of world's largest brackish water environments, generated using 454 pyrosequencing of partial (400 bp) 16S rRNA genes. Within the salinity gradient, bacterial community composition altered at broad and finer-scale phylogenetic levels. Analogous to faunal communities within brackish conditions, we identified a bacterial brackish water community comprising a diverse combination of freshwater and marine groups, along with populations unique to this environment. As water residence times in the Baltic Sea exceed 3 years, the observed bacterial community cannot be the result of mixing of fresh water and saltwater, but our study represents the first detailed description of an autochthonous brackish microbiome. In contrast to the decline in the diversity of multicellular organisms, reduced bacterial diversity at brackish conditions could not be established. It is possible that the rapid adaptation rate of bacteria has enabled a variety of lineages to fill what for higher organisms remains a challenging and relatively unoccupied ecological niche.
Introduction
Major physical and/or chemical environmental shifts, such as oxic-anoxic interfaces, strong temperature, nutrient and salinity gradients, are regions of dramatic change in community composition and richness for many organisms. The changes in community composition and richness often have consequences for the functional characteristics of whole ecosystems. Among the abiotic factors, salinity has been shown to have a particularly strong impact on the distribution patterns of species, including benthic and pelagic organisms (Remane, 1934; Wasmund et al., 1999; Cognetti and Maltagliati, 2000; Wetzel, 2001; Ysebaert et al., 2003; Ojaveer et al., 2010; Telesh and Khlebovich, 2010) . As most multicellular organisms are either adapted to freshwater or marine environments, only few brackish specialists and species with broad salinity tolerance are found in the transition between marine and freshwater environments. Consequently, these brackish environments, which occur frequently in coastal and estuarine areas, are characterized by reduced diversity in faunal and floral communities (Telesh and Khlebovich, 2010) . Salinity has also been suggested to be the major determinant of microbial community composition (Wu et al., 2006) , exceeding the influence of temperature and pH (Lozupone and Knight, 2007) . Nevertheless, it is yet unclear how indigenous bacterial communities in the transition zone between marine and freshwater systems are organized. Several studies on shifts in bacterial community composition along aquatic salinity gradients have been conducted (Murray et al., 1996; Crump et al., 1999; Cottrell and Kirchman, 2003; Kirchman et al., 2005; Kan et al., 2008) . However, these are usually performed on river outlets, which are characterized by short hydrological retention times and dynamic shifts in salinity owing to tidal action and variable freshwater inputs. The hydrology of these systems limits the possibility for an autochthonous brackish microbial community to establish (Crump et al., 1999 (Crump et al., , 2004 . Nevertheless, as a general trend, an increase of a-Proteobacteria and g-Proteobacteria, and a decrease of b-Proteobacteria, with increasing salinity has been identified in different estuaries (that is, Delaware Bay (Cottrell and Kirchman, 2003) , Chesapeake Bay (Bouvier and del Giorgio, 2002) or Pearl River estuary (Zhang et al., 2006) ).
In contrast to most estuaries, the Baltic Sea is a relatively stable environment that provides an ideal system to investigate autochthonous brackish bacterial communities. Tidal influences are negligible, and a combination of freshwater discharge and limited water exchange with the North Sea generates far-reaching saltwater-freshwater gradients. In fact, the water retention time in the central Baltic is between 3 and 30 years (Kullenberg, 1981; Reissmann et al., 2009) , which may allow brackishadapted bacterial lineages to establish. Accordingly, previous studies succeeded at isolating bacteria with growth rate optima at salinities of 5-10 from the Baltic Sea (Rheinheimer, 1984) . The recent development of high-throughput nextgeneration sequencing of 16S rRNA genes now allows detailed investigations of bacterial community composition with coverage far beyond previous clone libraries (Sogin et al., 2006; Andersson et al., 2009) . Here, we report a comprehensive survey of the distribution of bacteria from 213 samples, generated from 60 stations along the horizontal and vertical salinity gradients of the Baltic Sea, representing the first detailed taxonomic study of an indigenous brackish water microbiome.
Materials and methods

Sampling
Water samples were obtained on a research cruise (MSM0803) of the RV Maria S Merian in June/July 2008. Conductivity, temperature, pressure, chlorophyll a fluorescence and dissolved oxygen of water samples were measured using a conductivity/temperature/depth sensor (CTD) SeaBird 911 connected to a rosette of 24 10-L bottles. Concentrations of inorganic nutrients and oxygen were analyzed as described by Grasshoff et al. (1983) . Water samples for DNA analysis were filtered (0.22-mm pore-size white polycarbonate filters), and DNA was extracted according to Weinbauer et al. (2002) .
PCR and 454 sequencing
Samples from the Baltic Sea (213) and two samples from Swedish freshwater lakes (the eutrophic Lake Ekoln and oligotrophic Lake Långsjön) were PCR amplified using 25 cycles with the primers Bakt_341F (CCTACGGGNGGCWGCAG) and Bakt_805R (GACT ACHVGGGTATCTAATCC). The PCR primers were designed using an in-house program for broad-range 16S rRNA primer design. Bakt_341F matches perfectly to 1 081 974 of 1 124 456 bacterial sequences of 'Good' quality score spanning Escherichia coli positions 300-400, and Bakt_805R matches perfectly to 905 196 of 1 000 727 bacterial sequences of 'Good' quality score spanning positions 750-850 in the Ribosomal Database Project (RDP) release 10.25 (Cole et al., 2009 ) using the RDP ProbeMatch tool. The primers were complemented with 454 adapters and sample-specific 5-bp barcodes, designed such that two barcodes differ by at least 2 bp and homopolymers are lacking. Samples were purified using Agencourt AMPure XP (Becker Coulter, Brea, CA, USA). Amplicons were quantified with the Picogreen assay (Molecular Probes), mixed in equimolar amounts and sequenced from the reverse primer direction by LGC Genomics GmbH using Roche/454 GS FLX Titanium technology.
Sequence processing
Primer sequences were trimmed from the reads and sequences were clipped 400 bp downstream of the primer. Reads shorter than 400 bp (excluding primer) and/or containing Ns were excluded. Unique sequences were aligned and clustered into operational taxonomic units (OTUs) using the pyrosequencing pipeline at RDP (Cole et al., 2009) . To co-cluster sequences X97% identical, we empirically found that complete linkage clustering at the 95% level was appropriate for our data set. The complete linkage clustering at the 95% level resulted in co-clustering of 81% of the sequence pairs that were X97% identical, whereas only 1.4% of co-clustered pairs were o97% identical. The most abundant sequence for each OTU was BLAST (Altschul et al., 1997) searched against a local RDP database (v. 10.18 ; good-quality score sequences only), and the OTU inherited the taxonomy of the best hit if this was X95% identical over X380 bp. If multiple best hits (of same score) were found, the taxonomy was set to the most-detailed level of taxonomy shared by the best hits. Perl scripts for sequence processing can be obtained from the authors on request. Flowgram distributions for preclustering and denoizing of 454 Titanium sequences were not available at the time of the analysis. During the revision process these became available, and denoizing was performed with AmpliconNoise (Quince et al., 2011) . Denoized sequences were clustered into OTUs using the RDP pipeline as above and used for calculating Shannon diversity indices. All other analysis is based on the original data, as denoizing will have marginal influence here (b-diversity was highly correlated with and without noise removal; Pearson's r ¼ 0.98 for all pair-wise sample comparisons).
Calculation of diversity indices b-Diversity (community composition differences) for principal coordinates analysis and hierarchical clustering was calculated using Spearman's rank correlations of OTU frequencies (Kuczynski et al., 2011) : b-diversity ¼ 0.5 þ (À0.5 Â r), where r is the Spearman coefficient (À1prp1) of OTU frequencies for a pair of samples (not considering OTUs absent in both samples). The Spearman correlationderived measure of b-diversity correlated well with the Bray-Curtis dissimilarity (Pearson's r ¼ 0.95 for all pair-wise sample comparisons). The correlation was lower with UniFrac (Hamady et al., 2010) , with Pearson's r ¼ 0.68. When we used UniFrac in the principal coordinate analysis, projecting our OTU sequences onto the default Greengenes reference tree (DeSantis et al., 2006) , principal coordinate 1 correlated most strongly with oxygen content (Spearman's r ¼ 0.63) and principal coordinate 2 (PC2) with salinity (Spearman's r ¼ 0.53). A probable explanation for this is that the pronounced changes at broad phylogenetic levels at the transition from oxic to anoxic conditions has a stronger impact on the UniFrac measure, which takes phylogenetic distances between OTUs into account. In contrast, the gradual replacement of closely related OTUs observed along the salinity gradient has a greater impact on the OTU-based measurements. Hierarchical clustering was calculated using average linkage clustering, and bootstrap approximately unbiased P-values were computed via multiscale bootstrap resampling with 100 replications using the R package Pvclust (www.cran.r-project. org), modified to allow Spearman's correlations for distance calculations. Shannon a-diversity index was calculated according to Hayek and Buzas (1996) based on original as well as denoized OTU frequencies. Calculations and statistics were carried out with the program R (www.r-project.org).
Phylogenetic analyses
The sequences identified as the 100 most abundant in our data set were aligned using the SINA webaligner (www.arb-silva.de) and imported to a SILVA 102 NR template tree (Pruesse et al., 2007) using the ARB program suite (Ludwig et al., 2004) . Reference sequences were selected based on the phylogenetic affiliation of the 400 bp sequences to sequences in the SILVA 102 NR. Selected reference sequences were used to construct core trees with 1533 unambiguously aligned sequences using maximum-likelihood algorithms (RAxML, PHyML) and the general bacteria filter provided in ARB. Candidatus 'Nitrosopumilus maritimus' (acc.CP000866) was used in all trees as root. Short sequences from our study (400 bp), positionally filtered by base frequency (50%), were added without changing the global tree topology using the ARB parsimony tool.
BLAST-based comparison with reference data sets Marine and freshwater PCR-amplified 16S rRNA sequences (Acinas et al., 2004; Pommier et al., 2007; Shaw et al., 2008) were downloaded from the RDP (Cole et al., 2009) , and shotgun 16S rRNA sequences (Rusch et al., 2007) were downloaded from CAMERA (www.camera.calit2.net). Freshwater sequences were combined with a collection of highquality freshwater bacterial 16S rRNA sequences representing 38 globally distributed lakes (Newton et al., 2011) . A total of 6992 freshwater and 7730 marine reference sequences were used in a local BLAST database.
Results and discussion
Factors structuring the bacterial community in the Baltic Sea Using barcoded pyrosequencing (Andersson et al., 2008; Hamady et al., 2008) , we generated on average 1052 ± 419 (s.d.) quality-filtered clipped (trimmed) 400 bp sequences per sample, spanning variable regions V3 and V4 of the 16S rRNA gene. Principal coordinates analysis separated the samples in a way that correlated well with salinity along the first principal coordinate, and depth along the second principal coordinate (Figure 1 , Supplementary Table S1). As described earlier (Labrenz et al., 2007) , the bacterial community composition changed drastically at the oxygen-sulfide transition zone salinity 1 m Figure 1 Principle coordinates analysis of Baltic Sea bacterioplankton community composition. Pair-wise sample differences (b-diversity) were calculated by Spearman's rank-order correlations of OTU counts. Each dot is one sample and is colour-coded according to salinity and sized according to depth. PC1 (3.9% variation explained) correlated most strongly with salinity (Spearman's r ¼ -0.92, Po10 À16 ). Principal coordinate 2 (3.1% variation explained) correlated most strongly with depth (r ¼ 0.86, Po10 À16 ), but also with depth-related factors, including oxygen, phosphate and light intensity (see also Supplementary Table S1).
A Figure S1) , where we observed a shift towards a Sulfurimonas sp. dominated bacterial community. In the deeper, purely sulfidic zones sulfate-reducing d-Proteobacteria became the dominant group. This shift in bacterial community composition was not recognized where oxygen was present throughout the water column (Supplementary Figure S1 ). As only few samples were below the oxygen-sulfide transition, the impact of the oxic-anoxic transition on the results of the principal coordinates analysis was probably relatively low.
For surface water samples (Figure 2a , p10 m), differences in community composition (b-diversity) correlated most strongly with differences in salinity (Spearman's r ¼ 0.81; Supplementary Figure S2 ) among the measured environmental variables (Supplementary Table S2 ). As salinity in the Baltic Sea is coupled to the geographic location (Figure 2a ), the observed relationship could potentially also be due to spatial effects, either reflecting spatially limited microbial dispersal (Hubbell, 2001; Sloan et al., 2006) or involving other geographically correlated environmental factors (for example, substrates in run-off water from surrounding land). However, differences in salinity correlated strongly with b-diversity also when we controlled for geographic distance (partial Mantel test r ¼ 0.78, Po0.0001), whereas the correlation between b-diversity and geographic distance was lower when we controlled for differences in salinity (r ¼ 0.37, Po0.0001; Supplementary Figure S2 ), which indicates that salinity itself is the major structuring factor in the surface waters.
The brackish bacterial community Hierarchical clustering of the surface samples (p10 m) led to a separation of marine-brackish, brackish and brackish-freshwater bacterial communities with high bootstrap values (Figure 2b) . A cluster consisting of samples in the salinity range 5-8 (brackish) is separated from samples in the salinity ranges 10-31 (brackish-marine) and 0-3 (freshwater-brackish), which indicates the existence of a characteristic brackish bacterial community in the central Baltic Sea. A similar pattern was previously observed for marine animals with the major shift between marine and brackish communities occurring at salinity 8-10 (Remane, 1934) . Moreover, the border between the brackish-marine and the brackish cluster coincides with the Darss Sill (salinity B9), an important biological boundary also for phytoplankton communities (Kell, 1973; Wasmund et al., 2004; Witkowski et al., 2005 The surface water communities along the salinity gradient of the Baltic Sea were dominated by Actinobacteria, a-Proteobacteria, b-Proteobacteria, g-Proteobacteria,
Cyanobacteria, Bacteroidetes and Verrucomicrobia (Figure 2c ). At this broad phylogenetic level, the relative abundance of a-Proteobacteria and g-Proteobacteria increased with salinity, whereas Actinobacteria and b-Proteobacteria displayed the opposite trend (Figure 2c ). This is in accordance with previous studies along estuarine salinity gradients (Murray et al., 1996; Crump et al., 1999; Cottrell and Kirchman, 2003; Kirchman et al., 2005; Kan et al., 2008) . Moreover, we identified a pronounced peak of the phylum Verrucomicrobia in brackish conditions (salinities 5-10; Figure 2c) .
Most of the major bacterial groups in the Baltic Sea were characterized by phylogenetic shifts, where closely related populations (see Supplementary   Figure 3 for a detailed phylogenetic analysis of the 100 most abundant OTUs in our study) occupied different salinity ranges, some apparently specifically adapted to the brackish environment. An OTU from the ubiquitous marine clade SAR86 (Suzuki et al., 1997) was abundant in the marine-brackish region (Figure 3a; Supplementary Figure 3 SA1 ), but was substituted by an SAR86 OTU closest related to a sequence previously retrieved from brackish conditions around salinity 6.5 (Shaw et al., 2008 ; Figure 3a ; Supplementary Figure 3 SA2 ). Analogously, an OTU from the freshwater clade Actinobacteria acIV (within the Acidimicrobiaceae; Warnecke et al., 2004) , abundant at salinities 0-5 (Figure 3b; Supplementary Figure 3 AB1 ), was replaced by an Actinobacteria acIV OTU, identical to previously retrieved brackish water sequences (Shaw et al., 2008) OTU related to sequences from marine envrionments OTU related to sequences from freshwater envrionments Figure 3 Spatial distribution and abundance of selected OTUs along a Baltic Sea transect extending east of Gotland and into the Bay of Bothnia (see Figure 2) . (a-e) Shifts in populations of (a) SAR86, (b) Acidimicrobiaceae, (c) SAR11, (d) Synechococcaceae and (e) Rhodobacteriaceae along the salinity gradient of the Baltic Sea. (f) The most abundant OTU in our study, which is related to Spartobacteriaceae, in the different depth and salinity regions.
Most OTUs occupied only a portion of the salinity spectrum, but two abundant SAR11 populations displayed partly overlapping, but contrasting distribution patterns over the complete salinity range of the Baltic Sea (Figure 3c ). The OTU related to the marine Candidatus 'Pelagibacter ubique' was abundant in the marine-brackish part of the Baltic Sea (Figure 3c, Supplementary Figure 3 SR1 ), whereas an OTU identical to SAR11 sequences previously retrieved from brackish environments (Kan et al., 2008; Shaw et al., 2008) dominated the brackishfreshwater transition (Figure 3c, Supplementary  Figure 3 SR2 ). Although Candidatus 'Pelagibacter ubique' has been shown to carry proteorhodopsin genes (Giovannoni et al., 2005; Sabehi et al., 2005) , the organism followed its putative salinity optimum also at depths that are not reached by solar radiation (Figure 3c ). This implies that salinity has a stronger impact than light on the distribution of Candidatus 'Pelagibacter ubique'. In contrast, the distribution of the photosynthetic picocyanobacterium Synechococcus sp., which also exhibit phylogenetic shifts along the salinity gradient of the Baltic Sea, does not extend into deeper waters (Figure 3d , Supplementary Figure 3 CY1 and CY2 ). This is in line with its obligate phototropic metabolism. A different pattern was observed for Rhodobacteriaceae, which are major components of global ocean bacterioplankton (Rappé et al., 2000) . Whereas various Roseobacter OTUs were abundant in the marine parts of the Baltic Sea (Figure 3e; Supplementary Figure 3 RB1 ), the central Baltic Sea was dominated by an OTU highly similar to Pseudorhodobacter ferrugineus (Figure 3e; Supplementary Figure 3 RB2 ). This OTU has highest relative abundances below 50 m in the Baltic Proper (salinity 6-10; Figure 3e ), which is in accordance with the aerobic, non-photosynthetic lifestyle of P. ferrugineus (Uchino et al., 2002) . Many representatives of the Roseobacter clade have also been proposed to perform photoheterotrophy in coastal zones (Labrenz et al., 2005) , but as no Rhodobacteriaceae were present in the photic zone of the Baltic Sea, this function could be less significant for this bacterial family at brackish conditions.
The highly abundant phylum Verrucomicrobia (salinities 5-10; Figure 2 ) was, in contrast to the high diversity within other phyla, largely represented by a single dominant OTU (Figure 3f ; Supplementary Figure 3 VE1 ), highly similar (497%) to cloned sequences from the Baltic Sea affiliated to the Spartobacteriaceae (Supplementary  Figure 4) . Even though amplification biases in the PCR cannot be ruled out Giovannoni, 1996, Polz and Cavanaugh, 1998) , its high abundance (410% of reads in many samples), over a range of salinities and depths, indicates that this OTU probably represents one of the most abundant organisms of the Baltic Sea in summer. Although some members of the Spartobacteriaceae have recently been identified as abundant representatives in freshwater lakes (Arnds et al., 2010) , this specific OTU seems to be well adapted to the saltwaterfreshwater transition zone, as indicated by its abundance maximum at brackish conditions and the lack of closely related lineages in the adjacent freshwater and marine parts of the Baltic Sea. As no close relative has yet been obtained in axenic culture (closest isolate is Chthoniobacter flavus; 88% 16S rRNA sequence identity), nothing is known about the metabolism or ecological role of this bacterium.
Bacterial a-diversity along the salinity gradient According to the Remane curve (Figure 4, inset) , which describes the distribution of marine animal richness along a Baltic Sea salinity gradient, the number of marine species declines and the number of freshwater species increases with decreasing salinity (Remane, 1934) . A 'Remane relationship' has also been shown for mesozooplankton composition of the Baltic Sea (Schiewer, 2008) . To test systematically whether this model is also valid for bacteria, we compared the surface water OTU sequences obtained in our study to environmental sequences from freshwater and marine environments outside of the Baltic Sea using BLAST (Altschul et al., 1997) . Analogous to the situation for marine animals, the number of observed sequences matching marine sequences increased with increasing salinity, whereas the number of sequences matching freshwater sequences decreased (Figure 4) . Comparable to the Remane Comparison of surface water OTU sequences obtained in our study to environmental sequences from freshwater and marine reference environments outside of the Baltic Sea. Blue and red areas indicate the number of OTUs X97% identical to freshwater (blue) and marine sequences (red), respectively. Empty triangles are observed number of OTUs and black triangles are Shannon index. To account for sampling size differences, the OTUs corresponding to 800 randomly picked reads (without replacement) were used for each surface sample (samples with fewer than 800 reads were excluded from the analysis). Inset: The Remane curve (reconstructed from Remane (1934) ) showing benthic fauna richness along a Baltic Sea salinity gradient. Blue area: number of freshwater species; red area: number of marine species; and yellow area: number of brackish specialist species.
curve, and in accordance with the clustering results above, marine bacteria are dominant in a larger salinity spectrum (8-32) than freshwater bacteria (0-8). In the Baltic Proper (salinity 6-10), roughly equal proportions of sequences matched the two reference environments, which suggests that the community is derived from these biomes to similar extents. The Remane curve predicts a minimum of species richness at intermediate salinity levels (Figure 4,  inset) , because the number of brackish specialists does not compensate for the decline in marine and freshwater diversity (Remane, 1934) . However, no trends in the number of observed OTUs along the salinity gradient could be observed, nor did the Shannon diversity index change markedly (Figure 4) . These a-diversity measurements did not differ significantly between salinity groups when dividing the surface samples into freshwater-brackish (salinity 0-4), brackish (salinity 4-9) and brackishmarine (salinity 10-31; Wilcoxon's rank-sum test P40.16 for all pair-wise comparisons of groups), and were also nonsignificant when sequences had been pre-processed with AmpliconNoise for noise removal (Quince et al. (2011) ; P40.09 for all comparisons). As the sum of OTUs matching to freshwater and marine sequences is relatively constant along the salinity gradient (Figure 4) , the a-diversity at intermediate salinities is likely not primarily maintained by phylogenetically divergent brackish water specialists, but rather by adapted bacteria originating from marine and freshwater environments. The observed diversity likely represents actively reproducing populations, as protist grazing implies a fast turnover of picoplankton in surface waters of the Baltic Sea, similar to in other pelagic systems (Setälä and Kivi, 2003) . The Baltic Sea was formed after the last glaciation (10 000-15 000 years ago) and is a, in a geological and evolutionary timescale, young sea (Feistel et al., 2008) . The observed deviation from the Remane model could reflect that bacteria have been able to faster adapt to the brackish conditions of this sea than multicellular eukaryotes. Physiological differences between bacteria and multicellular organisms, which influence their possibilities to adapt to novel salinity ranges, could be a reason for these results, but also due to a more general rapid bacterial adaptation to new environments, potentially due to their shorter generation times and more dynamic genomes.
In conclusion, we have observed marked differences in the brackish bacterial community composition compared with its freshwater and marine counterparts. The brackish waters of the Baltic Sea are occupied by a diverse combination of freshwater and marine clades that appears to have adapted to the brackish conditions. We currently know very little about the function and ecology of even the most dominant members of these microbial communities, but the mapping of the present brackish sea microbiome provides the foundation for functional and genomic investigations of the important bacterial players and their specific biogeochemical roles in the brackish environment. Future studies may also reveal to what extent the different populations identified in this study are in fact composed of multiple genomically determined ecotypes specialized in more narrow salinity and depth ranges.
